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ABSTRACT

PREVALENCE AND TRANSMISSION OF CRYPTOSPORIDIUM AND GIARDIA
INFECTIONS AMONGST LEMURS, HUMANS, DOMESTIC MAMMALS
AND INVASIVE RATS IN TSINJOARIVO, MADAGASCAR

Laurie Spencer, MA
Department of Anthropology
Northern Illinois University, 2017
Mitchell T. Irwin, Director

Cryptosporidium and Giardia are ubiquitous enteric protozoan pathogens that infect
humans, domestic animals, and wildlife worldwide. These pathogens are known to cause
gastroenteritis in their hosts, often being fatal in immunocompromised individuals. Both
parasites are zoonotic and cross-species transmissions have occurred between humans, wildlife
and domestic animals. Cryptosporidium and Giardia infections are reported in young children in
Madagascar; however, the extent of these infections throughout the Malagasy population is
relatively unknown and unstudied. The rainforest of Tsinjoarivo, Madagascar, contains areas
with pristine forests as well as fragmented forests which have been created by human
encroachment and deforestation. Since protozoan parasites have not been studied in Tsinjoarivo,
this project provides a baseline study of Cryptosporidium and Giardia infections in a crossspecies sample of lemurs, humans, domestic mammals, and invasive rats in this area. I collected
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fecal samples during the period May to July, 2014 from two diurnal lemur species (Propithecus
diadema and Hapalemur griseus), humans, domestic mammals (cattle, pigs and dogs), and
invasive rats. The fecal samples were tested for the presence of Cryptosporidium and Giardia
utilizing immunofluorescence assay testing. No lemurs were found to be positive for
Cryptosporidium or Giardia. I found Cryptosporidium infections in humans (10%), cattle (20%),
pigs (20%), dogs (15%) and invasive rats (38%). I found Giardia infections in humans (10%),
pigs (40%), dogs (29%) and invasive rats (53%). I assessed possible infection risk factors for
humans using: age, sex, household size, gastrointestinal symptoms, frequency of forest entry,
and contact with lemurs, domestic mammals and invasive rats. All infected human subjects were
children ≤13 years old. Furthermore, all human participants reported having direct contact with
domestic mammals and invasive rats within the last 30 days. Potential infection risk factors for
domestic mammals were examined (age and group size) with no significant results found. I
detected coinfections of both Cryptosporidium and Giardia in humans (6%), pigs (20%), dogs
(15%) and invasive rats (33%). As human populations increase in Madagascar, the humanwildlife encounters also increase, making it critical to understand this interface and its health
impacts to humans and animals alike. The results of this study document zoonotic health
concerns at Tsinjoarivo and can assist the public health and conservation efforts by adding to our
understanding of Cryptosporidium and Giardia infection risks for sympatrically living humans,
wildlife and domestic animals.
Key Words: Cryptosporidium, Giardia, immunofluorescence, coinfection, lemurs, humans,
domestic mammals, invasive rats
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CHAPTER 1
INTRODUCTION

Cross-Species Pathogenic Parasite Transmission
The last century has seen the emergence of a variety of zoonotic diseases (diseases
transmitted from animals to humans), and these would include Ebola hemorrhagic fever
(Morvana et al., 1999; Peters and LeDuc, 1999), West Nile Virus (Kramer et al., 2008), and
HIV-1 and -2 (Wertheim and Worobey, 2009; Gao et al., 1999). In fact, up to 75% of emerging
infectious disease-causing pathogens may be of zoonotic origin (WHO, 2004). Emerging
pathogens are those that have appeared in a human population for the first time, or have occurred
previously but are increasing in incidence or expanding into areas where they have not
previously been reported (WHO, 1997; 2003). Comparative epidemiological analyses indicate
that an ability to cross species barriers enhances the probability that a pathogen will be classified
as “emerging” (Cleaveland et al., 2001; Taylor et al. 2001; Woolhouse and Gowtage-Sequeria,
2005). Likewise, evidence from well-studied chimpanzee and mountain gorilla populations
suggests that epidemics of polio, respiratory diseases, and scabies originated from humans (Hill
et al., 2001; Kalema-Zikusoka et al., 2002; Gillespie, 2006).
The extent of “human” parasites spreading to wildlife species is a threat to the long-term
health of wild populations that needs to be evaluated. As humans continue to encroach on wild
ecosystems, spill-overs are likely to increase in the future, establishing novel parasite spill-back
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reservoirs potentially threatening public health as well as wildlife (Thompson et al., 2010). A
pathogen spill-over occurs when the “normal” host of a pathogen transmits that pathogen to
another host. For example, if wild organisms are naturally infected with a pathogen that typically
has little impact on their health, they may act as pathogen reservoirs and as a consequence of
human encroachment on habitats, hunting, or changes to agricultural practices they may transmit
this pathogen to humans or domestic animals. In the converse, when a pathogen is maintained in
humans and domestic animals, it can spill back to wildlife, where wildlife then act as reservoirs
for that pathogen to potentially return to humans and domestic animals (Thompson et al., 2009).
Mammals serve as hosts to a wide variety of infectious pathogens (Samuel et al., 2001;
Williams et al., 2001). Many of these pathogens are gastrointestinal parasites that infect hosts
through fecal-oral transmission routes. These transmission routes involve the contamination of
water, soil, and food items with infectious fecal material from one host, and the subsequent
ingestion of the infectious stages of parasites by other hosts. An individual host may shed large
numbers of gastrointestinal parasites into the environment, potentially infecting other animals
living in close proximity or those that come into contact with excreta at a later time. This latter
episode is particularly likely in habitats where a variety of species have home range overlap
(Nunn et al., 2011). Reduced habitat area following forest fragmentation also restricts ranging
and increases crowding of wildlife (Lafferty and Holt, 2003; McCallum and Dobson, 2002). As
human population density continues to increase in rural areas near wildlife habitats, this speeds
the reduction and fragmentation of habitat, making human-animal contact inevitable, and raises
the rate of pathogen transmission between humans and wildlife (Gillespie, 2006). Additionally,
host density is an important factor affecting infection rates in directly transmitted parasites
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(Anderson and May, 1992) and has been demonstrated to correlate positively with the prevalence
and diversity of parasite infections (Morand and Poulin, 1998; Packer et al., 1999).
Parasite infections can quickly intensify, and when combined with additional stressors
such as predation, malnutrition, and intra/interspecific competition, may ultimately affect an
animal’s fitness (Huffman, 2001; Lozano, 1998). Considering the capacity of infections to put
wildlife populations at risk, it is important to identify potential pathogen transmission pathways
from humans and domestic animals to wildlife, in particular when the wildlife includes
threatened and/or endangered species (Appelbee et al., 2005; Gillespie et al., 2009). Improved
integration of information from both human and animal health disciplines is needed to anticipate
zoonotic disease outbreaks, and to develop appropriate management responses to prevent and/or
contain them (WHO, 2004).
Emerging and re-emerging zoonotic pathogens are a significant and increasing concern to
public health of humans due to a range of driving forces, including:
•
•
•
•
•
•
•
•
•
•
•
•

Changing patterns of water use;
Population factors, including growth, migration, and varying
proportions of immunocompromised individuals;
Increasing travel and recreational activities;
Water scarcity, climate change, and severe weather events;
Conflicts and disasters;
Increasing urbanization and colonization of new habitats;
Increasing demand for animal protein and fresh vegetables in the diet;
Increasing use of antibiotics in animals and humans;
Increasingly concentrated animal husbandry practices and increased
usage of concentrated feedlots;
Density of domestic pets;
Ecosystem disturbance; and
International trade patterns in animals, animal products, and other foods
[WHO, 2004:5].
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Additionally, human colonization of forest areas leads to an increased population of invasive
species such as rats, and at the same time increases human exposure to both feral and domestic
animal excreta via drinking water, or water used for recreational, washing or irrigation purposes
(WHO, 2004).

Study Objectives
One goal of this study was to provide an assessment of the prevalence of
Cryptosporidium and Giardia infections amongst two species of free ranging lemurs
(Propithecus diadema and Hapalemur griseus), humans, domestic mammals (cattle, pig, and
dog), and invasive rats in Tsinjoarivo, Madagascar. Another goal was to explore a number of
variables that may be contributing factors in the transmission of Cryptosporidium and Giardia
infections for the test species. For lemurs, I collected information on age, sex and habitat
conditions (i.e., fragmented or intact forest). For humans, I collected information on age, sex,
household size, gastrointestinal symptoms (e.g., diarrhea), frequency of entering the forest and
contact with lemurs, domestic mammals and invasive rats. I collected data on domestic mammal
age, and group size and analyzed these as covariates. This study also examined the potential for
invasive rats to be a reservoir for Cryptosporidium and Giardia transmission to lemurs, humans,
and domestic mammals. Additionally, this study assessed whether coinfections of
Cryptosporidium and Giardia occurred more often than expected due to chance within the test
species. Lastly, the parasite data from this study is important in developing management plans
for health protection in lemurs, humans, and for domestic animals in Tsinjoarivo.
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Cryptosporidium and Giardia Background Information
Cryptosporidium and Giardia are ubiquitous enteric protozoan pathogens that infect
humans, domestic animals, and wildlife worldwide (Savioli et al., 2006). Globally,
Cryptosporidium and Giardia are the most frequent enteric protozoa causing gastroenteritis in
humans and are among the top ten disease-causing human parasites (Thompson et al., 2000;
Smith et al., 2007; Sunderland et al., 2007). Cryptosporidium oocysts and Giardia cysts are
transmitted by the fecal-oral route, largely through contaminated water and food, but they can
also be spread from person-to-person or between humans and animals (Cacciò et al., 2005; Tien
and Earn, 2010). Additionally, public health authorities include giardiasis as a sexually
transmitted disease (Dupont and Sullivan, 1986), with oral sex being the mechanism for the
fecal-oral route of transmission of Giardia cysts (Kean et al., 1979). Global outbreaks of disease
caused by water contamination can have health and economic consequences, and
Cryptosporidium is considered to be responsible for half of the human outbreaks caused by
protozoa (Karanis et al., 2007; Baldursson and Karanis, 2011).
Cryptosporidium is a small coccidian protozoan, measuring 2 to 6 microns. It undergoes
its life cycle within the microvillous epithelium of the duodenal mucosa of the small intestines of
its host (Fayer and Unger, 1986; Garcia, 2007; Janoff and Reller, 1987; Thompson et al., 2008).
Giardia is a flagellate protozoan that exists in two forms: 1) a mobile and actively feeding
trophozoite found in the microvillous epithelium of the duodenal mucosa of the small intestines
of its host, measuring 9 to 21 microns long and 5 to 15 microns wide; or 2) an infective oval-
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shaped cyst form which is smaller, measuring 8 to 12 microns long and 7 to 10 microns wide
(Dupont and Sullivan, 1986; Garcia, 2007; Stevens, 1985; Thompson et al., 2008). The infective
stages of Cryptosporidium and Giardia, the oocysts and cysts respectively, are encysted when
released in the feces and are immediately infectious (Kirkpatrick, 1987; Thompson et al., 2008).
Shedding of infectious (oo)cysts in the feces is typically intermittent, so a series of multiple fecal
specimens may need to be examined to diagnose the infection (Fayer, 2004; CLSI, 2005).
Cryptosporidium oocysts and Giardia cysts remain infectious for months and can rapidly
accumulate in cool, damp areas, and they can also survive in water for considerable periods of
time (Thompson et al., 2008).
In humans and livestock, these parasites are known to cause diarrhea, nausea, vomiting,
and anorexia, all of which contribute to nutritional deficiencies and impaired weight gain
(Stevens, 1985; Dupont and Sullivan, 1986; Fayer and Unger, 1986; Janoff and Reller, 1987;
Olson et al., 1995; de Graaf et al., 1999; Appelbee et al., 2005). Cryptosporidiosis and giardiasis
infections are typically self-limiting in immunocompetent individuals, meaning that individual’s
immune system will resolve these infections over time. However, these infections can be more
severe in young children, the elderly, and immunocompromised individuals, causing a high
probability of mortality in people with Acquired Immune Deficiency Syndrome (Fayer and
Unger, 1986; Hunter and Thompson, 2005; Janoff and Reller, 1987; Rose, 1997; Smith and
Ahmad, 1997; Yoder and Beach, 2010).
Nitro-imidazoles, such as metronidazole and tinidazole, are the drugs recommended for
treating giardiasis in humans (Savioli et al., 2006) and in dogs (Kirkpatrick, 1987). Despite
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evidence of these drugs effectively treating calves for giardiasis, drug treatment alone is
insufficient for controlling giardiasis in cattle throughout their lifespan. Re-infection occurs
rapidly from repeated environmental contamination, making daily administration of drugs
necessary but an impractical solution. As such, there is currently no licensed drug available to
treat giardiasis in cattle (Thompson et al., 2008). Despite extensive screening of a large number
of chemotherapeutic agents, there is no reliable curative treatment for cryptosporidiosis (Armson
et al., 2003). An association between Cryptosporidium and Giardia infections has not been
demonstrated; however, numerous incidents of coinfection with both organisms have been
documented (Jokipii et al., 1985).
There are as many as twenty-six currently accepted species of Cryptosporidium, and
seven currently accepted species of Giardia identified in humans and other animals (Table 1;
Appelbee et al., 2005; Power and Ryan, 2008; Ryan et al., 2008; Xiao and Feng, 2008; Xiao,
2010; Elwin et al., 2012; Spickler, 2012; Bodager et al., 2015; Parsons et al., 2015). While many
of these species are specific to particular hosts, some have a broad host range (Appelbee et al.,
2005; Xiao, 2010). Recent molecular analysis has identified approximately fifty
Cryptosporidium genotypes (Xiao and Feng, 2008; Xiao, 2010; Elwin et al., 2012; Bodager et
al., 2015). Genotype is not a valid taxonomic term but is used commonly to describe isolates of
uncertain taxonomic status, having gene sequences that are distinct from previously reported
Cryptosporidium species (Elwin et al., 2012). Cryptosporidium parvum and Cryptosporidium
hominis account for more than 90% of human infections (Xiao, 2010; Bodager, 2015).
Cryptosporidium parvum appears to be the most widely distributed, have the broadest host range,
and be most commonly associated with human and livestock infections (Xiao et al., 2004; Xiao,
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2010). Giardia duodenalis appears to have the broadest host range and infects many mammalian
species. Molecular analysis of Giardia duodenalis has revealed at least seven genetic
assemblages (Table 2; Appelbee et al., 2005; Spickler, 2012), each with a varying degree of host
specificity.
Table 1. Currently accepted species of Cryptosporidium and Giardia
(Appelbee et al., 2005; Power and Ryan, 2008; Ryan et al., 2008; Xiao and Feng, 2008; Xiao, 2010;
Elwin et al., 2012; Spickler, 2012; Bodager et al., 2015; Parsons et al., 2015)
Species

Major Host

Cryptosporidium:
Cryptosporidium andersoni
Cryptosporidium baileyi
Cryptosporidium bovis
Cryptosporidium canis
Cryptosporidium cuniculus
Cryptosporidium fayeri
Cryptosporidium felis
Cryptosporidium galli
Cryptosporidium hominis
Cryptosporidium macropodum
Cryptosporidium meleagridis
Cryptosporidium muris
Cryptosporidium nasorum
Cryptosporidium parvum
Cryptosporidium parvum senso stricto
Cryptosporidium ryanae
Cryptosporidium saurophilium
Cryptosporidium serpentis
Cryptosporidium serpentis -like
Cryptosporidium suis
Cryptosporidium tyzzeri
Cryptosporidium ubiquitum
Cryptosporidium varanii
Cryptosporidium viatorum
Cryptosporidium wrairi
Cryptosporidium xiaoi

Cattle and bactrin camels
Birds
Cattle, sheep
Dogs and humans
Humans
Kangaroo, koala, wallaby
Cats and humans
Birds
Humans, chimpanzees and monkeys
Kangaroo
Birds, humans, rodents
Rodents, bactrin camels, humans
Fish
Humans, cattle, sheep, goats, pigs, horses, alpaca
Humans
Cattle
Reptiles
Snakes
Snakes
Pigs, humans, cattle, rodents, chimpanzees
Mice
Humans
Reptiles
Humans
Guinea pigs
Goat, sheep

(Continued on following page)
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Table 1 (continued)
Species

Major Host

Giardia:
Giardia agilis
Giardia ardeae
Giardia duodenalis
Giardia microti
Giardia muris
Giardia psittaci
Giardia varani

Amphibians
Birds
Most mammals
Voles and muskrats
Rodents
Birds
Reptiles

Table 2. Genotypes within Giardia duodenalis and their recorded hosts (Appelbee et al., 2005)
Assemblage
A

Genotype
Zoonotic

Host Range

B

Zoonotic

Human, cattle, dog, cat, beaver, muskrat, slow
loris, siamang, chinchilla, rat, coyote, and
domestic mouse

C and D

Dog

Dog, coyote, and domestic mouse

E

Livestock

Cattle, alpaca, goat, sheep, and pig

F

Cat

Cat

G

Rat

Domestic rat

Vole

Muskrat

Muskrat, and vole

Novel

Marsupial I

Quenda (bandicoot), mouse, and sheep

Novel

Marsupial II

Tasmanian devil

Human, livestock, dog, cat, beaver, guinea pig,
slow loris, mountain gorilla, rock hyrax, harp
seal, hooded seal, deer, prairie dog, bobcat,
groundhog, and domestic mouse

Many surveys have identified the occurrence of Cryptosporidium and Giardia at the
genus level in wildlife species, yet very few have identified the particular species and genotypes
of these parasites. Molecular tools are now available with which isolates of Cryptosporidium and
Giardia can be characterized to identify their unique genotypes. This information is necessary to

10

go beyond genus-level diagnoses and to understand the host range, transmission dynamics and
zoonotic potential of known and novel Cryptosporidium and Giardia species and genotypes.
This in turn makes it possible to determine whether wildlife is functioning as a reservoir for
species that infect humans and domestic animals, or if wildlife is infected as a result of
anthropogenic activities such as sewage disposal and farming (Appelbee et al., 2005).
As with Cryptosporidium, molecular analysis has provided a better understanding of
Giardia as well (Table 1). Giardia duodenalis Assemblages A and B infect a broader host range
including humans and are referred to as zoonotic. The other Giardia duodenalis assemblages are
more restricted to particular non-human hosts (Table 2; Appelbee et al., 2005). Therefore, the
identification of the genotype of these parasites can help to determine the potential directionality
of the transmission. If humans are found to be infected with a Cryptosporidium or Giardia
species that is known to be host-adapted to a wild mammal, it suggests that the human infection
had zoonotic origins. In the reverse, if wild mammals are found harboring pathogenic species
that are known to infect humans or domestic mammals, it suggests that the source of wildlife
infection stems from a human source.

Lemur Background Information
The most threatened mammal group on Earth is Madagascar’s primate radiation,
comprising five endemic lemur families and representing more than 20% of the world’s primate
species; these lemurs are at risk of becoming extinct due mainly to human disturbance of forest
habitats (Schwitzer et al., 2014). According to the International Union for Conservation of
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Nature (IUCN) Species Survival Commission (SSC) Red List, 94% of lemur species are
threatened (Schwitzer et al., 2013; 2014). Lemurs have important ecological roles (Schwitzer et
al., 2014), and their loss would likely trigger extinction cascades (Ganzhorn et al., 1999). The
lemurs of Madagascar are hosts to a number of infectious pathogens, including many
gastrointestinal parasites (Nunn and Altizer, 2006). However, the endoparasitic protozoa of wild
lemurs remain almost completely unstudied (Irwin and Raharison, 2009; Rasambainarivo et al.,
2013). Further research is needed in order to catalogue the parasitic species that infect wild
lemurs, and secondarily to understand host-parasite specificity, transmission ecology, and the
effects of parasites on lemur population density and health (Irwin and Raharison, 2009).
The diademed sifaka (Propithecus diadema) is one of the largest lemurs, weighing 6.0 –
8.5 kg, with an overall body length of 940 – 1,050 mm (Glander and Powzyk, 1998; Lehman et
al., 2005). They are found mainly in the rainforests of east and north-east Madagascar and are
primarily diurnal lemurs (Powzyk, 1997). Their diet at Tsinjoarivo consists predominantly of
leaves (53.1%), while fruits, seeds, buds, and flowers represent most of the rest of the diet
(Irwin, 2008b). However, there is considerable seasonal variation in feeding habits with leaves
forming as little as 20% to as much as 90% of a monthly diet, depending on the seasonal
availability of fruits, their preferred food item (Irwin, 2008b). They live in female-dominated
groups of two to eight individuals, and the composition of groups is quite variable: populations
include groups with 1 male and 1 female, 1-female multimale groups, 1-male multifemale
groups, and multi-male multi-female groups (Powzyk, 1997; Irwin unpublished data).
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The eastern lesser bamboo lemur (Hapalemur griseus), is a small to medium-sized lemur,
weighing 750 – 1,050 g, with an overall body length of 560 – 700 mm (Tan, 1999; Tan, 2000).
They are found in primary and secondary lowland and montane humid forests with bamboo and
bamboo vines (Sterling and Ramaroson, 1996). They are primarily diurnal (Overdorff et al.,
1997; Tan, 2000) but sometimes are more active around dawn and dusk (crepuscular; Petter et
al., 1977). Their diet is dominated by bamboo – around 80% – with the remainder of their diet
comprised of non-bamboo foliage, fruit, flowers, grass stems, and some fungi (Overdorff et al.,
1997; Tan, 1999; Tan, 2000; Fitzpatrick, 2014). Their group size is between two and seven,
although larger groups of up to eleven have been seen occasionally (Pollock, 1986; Overdorff et
al., 1997; Tan, 1999; Tan, 2000). Smaller groups contain breeding pairs with offspring, while
larger groups include more than one breeding female plus two or more adult males (Overdorff et
al., 1997; Tan, 1999; Tan, 2000).

Cryptosporidium and Giardia in Lemurs and Other Primates
Cryptosporidium has been reported in free-ranging ring-tailed lemurs (Lemur catta) from
the dry forest of southern Madagascar (Villers et al., 2008), and in the greater bamboo lemur
(Prolemur simus) and the eastern rufous mouse lemur (Microcebus rufus) in the Ranomafana
National Park (Rasambainarivo et al., 2013). The species of Cryptosporidium in these lemurs
was indeterminate from these studies. More recently, Cryptosporidium hominis was identified in
a lemur (genus and species not reported) from the Ranomafana National Park (Bodager et al.,
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2015) suggesting likely transmission from a human source. Giardia infections in wild lemurs
have not been reported in the literature.
Wild nonhuman primates living in disturbed habitats are thought to be at greater risk for
infection of Cryptosporidium and Giardia than are primates living in undisturbed habitats (Salzer
et al., 2007). The presence of Cryptosporidium parvum and Giardia duodenalis infections in
wild mountain gorillas (Gorilla beringei beringei), humans, and cattle in and around Bwindi
Impenetrable National Park, Uganda, suggests the gorillas were infected with these parasites as a
result of increased contact with humans and/or domestic livestock (Nizeyi et al., 1999, 2002a,
2002b). Salzer et al. (2007) tested red colobus (Pilocolobus tephrosceles), black-and-white
colobus (Colobus guereza) and red-tailed guenons (Cercopithecus ascanius) in Kibale National
Park, Uganda, for Cryptosporidium and Giardia in undisturbed and highly fragmented forest
areas. This study found that all primates from the undisturbed forest area were negative for both
parasites; however, 20% of red colobus and 5% of red-tailed guenons from fragmented forest
areas were infected with either Cryptosporidium or Giardia.
Another study in Kibale National Park revealed that Cryptosporidium may be transmitted
frequently among people, livestock, and wild nonhuman primates as a result of anthropogenic
changes to forests (Salyer et al., 2012). Salyer et al. (2012) utilized polymerase chain reaction
(PCR) analysis of DNA extracted from the fecal samples of humans, livestock (cattle, sheep and
goats), and nonhuman primates (red colobus, black-and-white colobus, and red-tailed guenon).
They found Cryptosporidium in 32.4% of humans, 2.2% of livestock, and 11.1% of nonhuman
primates. Furthermore, the phylogenetic analysis performed by Salyer et al. (2012) revealed all
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Cryptosporidium sequences clustered within a clade containing known variants of
Cryptosporidium parvum and Cryptosporidium hominis. Within this clade, some sequences
recovered from black-and-white colobus, red colobus, humans, and livestock from outside
Kibale National Park were identical, suggesting cross-species transmission of Cryptosporidium
may be common in the region. In contrast, Salyer et al. (2012) found that two sequences from red
colobus from the core protected area of the park clustered distinctly from the others as a
divergent sub-clade, indicating the possibility of separate Cryptosporidium transmission cycles
inside Kibale National Park and around its edges than occur outside the park.

Cryptosporidium and Giardia in Humans in Madagascar
The true prevalence of cryptosporidiosis and giardiasis in humans in Madagascar is
unknown as limited studies have been conducted. One study tested children younger than 5 years
of age in fourteen districts throughout Madagascar during the rainy season from February 2008
to May 2009, and this study revealed that Giardia duodenalis was one of the predominant enteric
pathogens, present in 11.7% of the test subjects (Randremanana et al., 2012). Another study of
children presenting diarrheal disease in Antananarivo, Madagascar (the capital city) from May
2004 to May 2005, revealed cryptosporidiosis in 5.6% of test subjects. This study identified that
eleven of the twelve cases of cryptosporidiosis were caused by Cryptosporidium hominis and one
was caused by Cryptosporidium parvum, suggesting most of these infections likely resulted from
human-to-human transmission (Areeshi et al., 2008).
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Cryptosporidium and Giardia in Livestock and Dogs
Cryptosporidium and Giardia are the most common enteric parasites of domestic
animals, including livestock and dogs (Fayer, 2004; Thompson, 2004; Thompson and Monis,
2004). Dogs and their owners sharing the same living area have been shown to harbor isolates of
Giardia duodenalis from the same assemblage, suggesting cross-species transmission (Traub et
al., 2004; Inpankaew et al., 2007). Dogs may not be important zoonotic reservoirs of
Cryptosporidium since the only studies in which Cryptosporidium from dogs was genotyped
revealed they are most commonly infected with the host-adapted species Cryptosporidium canis
(Abe et al., 2002). In the case of cryptosporidiosis, there is considerable data demonstrating
strong links between contact with infected livestock and human infections (Fayer et al., 2000;
Stantic-Pavlinic et al., 2003). A study of humans with cryptosporidiosis in Scotland revealed
84% were infected with Cryptosporidium parvum, suggesting that livestock fecal pollution of
water sources was the leading cause of infections (Goh et al., 2004). Evidence also suggests that
infected livestock may also be a source for waterborne transmission of giardiasis (Thompson,
2004). Cryptosporidiosis and giardiasis infections in livestock and dogs are mostly
asymptomatic, but some reports of diarrhea have been observed (Thompson et al., 2008).

Cryptosporidium and Giardia in Invasive Rats
Wild rodents are ubiquitous and thrive wherever food stocks and habitats are plentiful
and as such rodents live in close proximity to humans and livestock (Chalmers et al., 1997).
Rodents are reservoirs for a number of zoonotic diseases responsible for significant economic
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losses and public health problems (Dabritz et al., 2008; Meerburg et al., 2009; Pereira et al.,
2010). Invasive rats have been implicated as vectors for the spread of disease in Madagascar
(Vogler et al., 2013; Reynes et al., 2014). Commensal species such as the invasive black rat
(Rattus rattus) and brown rat (Rattus norvegicus) were introduced to Madagascar dating back to
around the 11th century (Radimilahy, 1997; Brouat et al., 2014), and have expanded their
distributional range through human movements and transport (Searle, 2008; Brouat et al., 2014).
They are the only species of Rattus found on Madagascar (Duplantier et al., 2003). Black rats
occur in practically all habitats on Madagascar (Duplantier and Rakotondravony, 1999), in
contrast to brown rats that occur almost exclusively in towns (Duplantier et al., 2003). In
Madagascar, black and brown rats are the principal host for the bacterium causing the plague
(Yersinia pestis), and they are responsible for maintaining the plague in the Malagasy highlands.
(Vogler et al. 2013). Black rats were implicated during the pneumonic plague outbreak in
northern Madagascar in 2011 (Richard et al., 2015) and black rats have also been found to carry
Hantavirus (Reynes et al., 2014). Anthropogenic deforestation for agricultural purposes in
Tsinjoarivo, Madagascar has allowed invasive rats to thrive in this area.
Although data are not available from Madagascar, studies from other areas in the world
have identified Cryptosporidium and Giardia infections in rats and other rodents. For example,
Kilonzo et al. (2013) sampled wild mice and rats inhabiting agricultural production systems in
central coastal California; 26.0% were positive for Cryptosporidium and 24.2% were positive for
Giardia. Rodents have been found to be susceptible to infection with the same assemblages of
Giardia and the same species of Cryptosporidium as cattle (Olson et al., 2004), and are thought
to be an important reservoir of infection of Cryptosporidium for livestock (Morgan et al., 1999).
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The combination of rodent mobility in conjunction with lengthy survival time of these pathogens
in rodent feces and in the environment may make rodents competent vectors for disease
transmission (Kilonzo et al., 2013).
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CHAPTER 2

HYPOTHESES AND PREDICTIONS

1. Degree of habitat disturbance affects the prevalence of Cryptosporidium and Giardia
infections in wild lemurs at Tsinjoarivo.
P1. Cryptosporidium and Giardia prevalence will be higher in lemurs residing in the
fragmented forest habitat (Mahatsinjo), and lower in lemurs residing in an intact forest
habitat (Ankadivory).

2. Age affects the prevalence of Cryptosporidium and Giardia infections in humans at
Tsinjoarivo.
P1. Children will have a greater prevalence of Cryptosporidium and Giardia infections
than adults.
P2. Elderly people will have a greater prevalence of Cryptosporidium and Giardia
infections than other adults.

3. The number of humans and domestic mammals per household affects the prevalence of
Cryptosporidium and Giardia infections in humans at Tsinjoarivo.
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P1. Households with a greater number of domestic mammals (cattle, pigs, and/or dogs),
will have a greater prevalence of Cryptosporidium and Giardia infections.
P2. Households with a greater number of human occupants will have a greater prevalence
of Cryptosporidium and Giardia infections.
P3. The likelihood of Cryptosporidium or Giardia infection is greater for people who live
with another infected person.
P4. The likelihood of Cryptosporidium or Giardia infection is greater for people who live
with an infected domestic mammal.

4. Human activity patterns affect the prevalence of Cryptosporidium and Giardia infections
in humans at Tsinjoarivo.
P1. Individuals with more frequent direct contact with domestic mammals (cattle, pigs
and/or dogs), with invasive rats, or with lemurs, will have a higher prevalence of
Cryptosporidium and Giardia infections.
P2. Individuals that enter the forest more frequently will have a higher prevalence
Cryptosporidium and Giardia infections.

5. Age affects the prevalence of Cryptosporidium and Giardia infections in lemurs and
domestic mammals (cattle, pigs, and dogs) at Tsinjoarivo. Invasive rats are excluded
from this hypothesis because data on age cannot be easily obtained.
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P1. Immature animals will have a higher prevalence of Cryptosporidium and Giardia
infections than prime-aged adult animals.
P2. Older animals will have a greater prevalence of Cryptosporidium and Giardia
infections than prime-aged adult animals.

6. The number of animals within a social group or household affects the prevalence of
Cryptosporidium and Giardia infections in lemurs and domestic mammals (cattle, pigs,
and dogs). Invasive rats are excluded from this hypothesis because data on group size
cannot be easily obtained.
P1. Animals living in larger groups will have a higher prevalence of Cryptosporidium and
Giardia infections. This prediction will focus on examining animals living within the
same social group (for wild lemurs), and the same household (for domestic cattle, pigs,
and dogs).

7. Coinfections of Cryptosporidium and Giardia will be higher-than-expected in the
infected species.
P1. Species infected with one parasite will have a higher-than-expected likelihood of
coinfection with the other parasite.
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CHAPTER 3
METHODS

Study Site
Tsinjoarivo is located 80 km SSE of Antananarivo, atop the escarpment dividing
Madagascar’s central plateau from the eastern lowlands (Figure 1). This region contains an
unprotected block of central domain mid-altitude rain forest (Irwin, 2008a). Located within
Tsinjoarivo, about 1590 m above sea level, is Mahatsinjo (19°40.940 S, 47°45.460 E), a unique
network of hilltop and ridge-top forest fragments where human and nonhuman primate
populations live side by side (Irwin et al., 2010). These fragments range in size from 1 to 227 ha.
Located approximately 8 km southeast of Mahatsinjo, about 1345m above sea level, is the
continuous forest of Ankadivory (19°42.980 S, 47°49.293 E), which is continuous with the
greater eastern rainforest corridor. Ankadivory has a moderately dense vegetation cover with
very large trees and higher plant species richness (Irwin, 2006; Irwin et al., 2010). This study
was conducted at both the Mahatsinjo and Ankadivory field sites.
Distinct wet and dry seasons exist between December and March, and April and
November, respectively (Irwin, 2006). Temperatures are highest (average 17-18°C) from
October to April and lowest (average 11–16°C) from April to August (Irwin et al., 2014). The
rainfall is different at the two sites. For the Mahatsinjo site: 2133 mm annually (n=13 years), of
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which 1765 mm in the rainy season October to April. For the Ankadivory site, the nearby
Vatateza site is used as proxy: 2632 mm, of which 2065 mm in October to April (n=2 years)
(Irwin, unpublished data).

Figure 1: Map of Tsinjoarivo and study site location.

Study Subjects
•
•
•
•
•
•
•

Diademed sifaka (Propithecus diadema)
Eastern lesser bamboo lemur (Hapalemur griseus)
Human (Homo sapiens)
Domestic cattle/zebu (Bos indicus)
Domestic pig (Sus scrofa)
Domestic dog (Canis familiaris)
Invasive rat (Rattus rattus, Rattus norvegicus)
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Data Collection
For lemurs, I followed the lemur groups and collected fecal samples promptly after
defecation was observed. I collected fecal samples while wearing disposable gloves. Utilizing a
disposable wooden applicator, I placed an approximately 2 gram aliquot in a collection tube
containing 10 mL of a 10% formalin solution. I closed the tubes, and labeled them with the
unique sample identification number, species, sex, age, and date of collection. I shook the tubes
vigorously to maximize contact between sample and the storage solution (Gillespie, 2006). I
collected a total of 87 lemur fecal samples were collected, of which 43 were from Propithecus
diadema and 44 were from Hapalemur griseus. For the Propithecus diadema samples, 24 came
from the Ankadivory (intact) forest site and 19 came from the Mahatsinjo (disturbed) forest site.
For the Hapalemur griseus samples, 21 came from the Ankadivory (intact) forest site and 23
came from the Mahatsinjo (disturbed) forest site.
With the assistance of local Malagasy research assistant(s), I approached humans who
lived within 5 kilometers of the base camp and invited them to participate in the study by
collecting and providing a fecal sample from themselves, and/or their child(ren). The recruitment
information and informed consent forms were translated into Malagasy, read to the participants
and documented by the local Malagasy research assistant on Institutional Review Boardapproved forms (Appendices A and B). I gave each participant a sample container with a unique
sample identification number on it, disposable gloves, a biohazard ziplock bag to place the filled
sample container, and a disposable disinfectant wipe. The unique sample identification number
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corresponded to personal identification information collected for each participant. My Malagasy
research assistant asked each participant a series of questions (Appendix C), which included
name, age, sex, name of village, household size, frequency of direct contact with animals and
with entering the forest, and gastrointestinal symptoms (e.g., diarrhea, nausea). All participant
names remained confidential and were only utilized in this study for the purpose of providing
test results to participants who are positive for Cryptosporidium or Giardia. Participant names
were not shared and will not be included in any publications. Participants were asked to collect a
portion of fecal material during elimination by using a disposable wooden tongue depressor
while wearing the disposable gloves, and to place the fecal material in the sample container
provided. Participants were instructed to then sanitize their hands with the disinfectant wipe,
after which the disposable gloves, tongue depressor, and used sanitizing wipe were to be placed
in a separate plastic bag from the fecal sample that was provided in their kit. I collected the fecal
samples and refuse the following day. I burned the refuse from the participants at the base camp.
I transferred the fecal samples in the ziplock bags into the sample containers while wearing
disposable gloves. The fecal samples were portioned and preserved using the same protocol as
the lemur samples mentioned above. A total of 49 human fecal samples were collected.
For domestic mammals, I collected fecal samples from the cattle (Bos indicus), pigs
(Sus scrofa) and dogs (Canis familiaris) of villagers that lived within 5 kilometers of the forest.
The human participants approached in the above protocol were also asked for permission to
collect fecal samples from their domestic mammals (Appendix B). With permission, I observed
animals defecate and then collected samples of their feces while wearing disposable gloves. The
fecal samples were collected and preserved using the same protocol as the lemur samples

25

mentioned above. A total of 122 domestic mammal fecal samples were collected: 41 cattle, 40
pig, and 41 dog.
For rats, I set out Sherman rat traps and locally sourced rat traps for the capture of the
introduced rat species, Rattus rattus, commonly known as the black rat, and Rattus norvegicus,
commonly known as the brown rat. Traps were set at the homes of the human participants and in
locations within the intact forest (Ankadivory). Traps were set in the later afternoon,
approximately 16:00 hours, and were baited with various food items: peanut butter, crunchy
peanut butter Clif Bars®, dried fish, and chicken bones. The chicken bones were obtained from
the local field assistants after their meals. The highest success in rat captures was achieved using
the chicken bones for bait. The other baits allowed for little to no rat captures. I checked each
trap the following morning at approximately 07:00 hours for the presence of rats. I visually
inspected all animals captured in the traps to identify species, and note whether it was Rattus
rattus or Rattus norvegicus. The animals were released at the site of capture. I handled the traps
and rat fecal samples while wearing disposable gloves and a disposable face mask. Fecal
material from each trap was collected with a disposable wooden applicator and preserved using
the same protocol as the lemur samples mentioned above. Before reuse, I cleaned and
decontaminated each trap with a 10% sodium hypochlorite solution. The intent was to collect a
total of 80 fecal samples; 40 from the village location at Mahatsinjo, and 40 from the fragmented
forest location, Ankadivory. After repeated attempts, only 1 Rattus rattus fecal sample was
obtained from Ankadivory, and 39 Rattus rattus fecal samples were collected from the homes at
Mahatsinjo.
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I hand-carried and transported all samples to the United States via airline, with an import
permit obtained from the U.S. Department of Agriculture (Permit # 124774). The Center for
Disease Control (CDC) document Biosafety in Microbiological and Biomedical Laboratories
(BMBL) (2009), categorizes infectious substances as either Category A or Category B. Category
A material is defined as an infectious substance that is capable of causing permanent disability or
life-threatening or fatal disease to otherwise healthy humans or animals when exposure to it
occurs. Category B material is defined as an infectious substance that does not cause permanent
disability or life-threatening or fatal disease to humans or animals when exposure to it occurs.
Because the fecal samples collected for this study were rendered non-infectious, by means of
fixation in a 10% formalin solution, they were within the definition of a Category B infectious
substance. These samples were labelled as “UN 3373 - Biological Specimen Category B” and
were prepared for transport utilizing a triple packaging system as described in the BMBL. The
primary leak-proof packaging was the sample vial with lids sealed with parafilm. The secondary
leak-proof packaging was the ziplock biohazard bags which also contained absorbent material
(cotton balls) in an amount capable of absorbing the liquid contents of the samples. Then, the
bagged samples were placed in rigid plastic containers for additional protection during transport.
A written and signed statement from the researcher accompanied the samples providing
confirmation that the materials had been rendered non-infectious. Additionally, the researcher
verified that the packaging protocol listed above met the requirements detailed in the FedEx
Express guidance document titled Packaging Guidelines for UN 3373 Shipments.
According to CDC guidelines for import permits, if the material being imported has been
rendered non-infectious, then a CDC issued import permit was not required. Since the samples
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collected for this project were rendered non-infectious via the 10% formalin solution, a CDC
permit application was not submitted. This research required approval from the Madagascar
Ministry of Environment, Water and Forests. Approval to export these samples from Madagascar
was obtained via joint proposal between Dr. Mitchell Irwin and the Department of Animal
Biology at the University of Antananarivo, Madagascar (Permit #
116/14/MEF/SG/DGF/DCB.SAP/SCB), and an export permit was obtained from the Madagascar
Ministry of Environment, Ecology and Forests (Permit # 141N-E08/MG14).

Laboratory Analysis
I conducted laboratory analysis at the field site in Tsinjoarivo, Madagascar and in the
United States. In the field, I tested the human samples utilizing the Cryptosporidium Stain Kit
(Modified Kinyoun Method; ENG Scientific, Inc. Clifton, New Jersey) to identify the presence
of Cryptosporidium oocysts, and the Giardia Antigen Test Kit SNAP Giardia manufactured by
IDEXX Laboratories Westbrook, Maine, donated by the University of California-Davis, to
identify Giardia cysts. I provided test results to the infected individuals, with the assistance of
my Malagasy research assistant for translation, utilizing the debriefing script (Appendix D). This
allowed for timely notification of infected individuals.
I tested the fecal samples from all study subjects in the United States (including re-testing
of the human samples), in the microbiology laboratory at NorthShore University Health Systems
hospital located in Evanston, Illinois under the supervision of laboratory director Richard
Thomson, PhD. I first concentrated the fecal samples using the Fecal Parasite Concentrator kit
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manufactured by Evergreen Scientific Inc. Los Angeles, California. I then used the Merifluor
Cryptosporidium/Giardia kit manufactured by Meridian Bioscience, Inc. Cincinnati, Ohio for the
immunofluorescence analysis (Salzer et al., 2007; Gillespie et al., 2009; Rasambainarivo et al.,
2013). This kit utilizes direct immunofluorescent detection of Cryptosporidium oocysts and
Giardia cysts from fecal samples preserved in formalin, sodium acetate-acetic acid-formalin
(SAF) or EcoFix® solutions. Fecal sample smears were treated with the detection reagent and a
counterstain. The detection reagent in the kit contains a mixture of monoclonal antibodies
directed against cell wall antigens of Cryptosporidium oocysts and Giardia cysts. The
monoclonal antibodies attach to Cryptosporidium and Giardia antigens present in the prepared
sample. I rinsed the slides to remove unbound antibodies, affixed a coverslip with mounting
medium, and examined the slides for apple green color and characteristic morphology of
Cryptosporidium oocysts and Giardia cysts using a fluorescent microscope. The counterstained
background material in the specimen appeared dull orange to red in color (Meridian BioScience,
2013). The immunofluorescent technique has been demonstrated to have a higher sensitivity than
traditional staining procedures with no noted instances of false positives; this method has been
determined to be at least ten times more sensitive than the most common staining method,
modified acid-fast staining (Garcia et al., 1987). I received training on the laboratory protocol for
this staining technique and use of the fluorescent microscope from staff at the NorthShore
University Health Systems microbiology laboratory.
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Statistical Analysis
All analyses were conducted in R version 3.2.2 (R Core Team, 2013). Fisher’s Exact tests
were used to analyze differences in prevalence of Cryptosporidium and Giardia infections
among host species. The effects of age, sex, contact with lemurs, forest entry, living with another
infected person, living with an infected domestic mammal, and reporting of gastrointestinal
symptoms on human subject infection status using Odds Ratio tests for binary variables.
Additionally, the effects of age, number of people in household, number of domestic mammals,
number of cattle in household, number of pigs in household, number of dogs in household,
frequency of direct contact with lemurs, and frequency of entering the forest on Cryptosporidium
and Giardia infection were analyzed for the human subjects using Logistic Regression tests. The
effects of age and number of animals in household were tested for domestic mammal infection
status using Logistic Regression. The Logistic Regression points were jittered to avoid overplotting on the graphs. Coinfections of Cryptosporidium and Giardia were tested using Fisher’s
Exact tests. Statistical significance was set to α = 0.05 for all tests.
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CHAPTER 4
RESULTS

A total of 298 fecal samples were collected across the seven test species. The total
samples collected per species, with a breakdown of and age and sex categories when known, is
presented in Table 3. The totals of lemur fecal samples for the disturbed and intact forest sites are
contained in Table 4 (Propithecus diadema) and Table 5 (Hapalemur griseus).

Table 3: Quantity of fecal samples collected and tested for presence of Cryptosporidium and Giardia,
per species.
Note: Lemurs were sampled repeatedly, whereas individual subjects from all other species were
sampled only once. Sex and age of rats was not determined during capture.
Adult –
Total
Immature Immature
Adult – Adult - Sex
Species
Samples Females Males
- Females
- Males
Unknown
Human
(Homo sapiens)
Black Rat
(Rattus rattus)
Zebu
(Bos indicus)
Pig
(Sus scrofa)
Dog
(Canis familiaris)
Diademed Sifaka
(Propithecus diadema)
Eastern Bamboo Lemur
(Hapalemur griseus)
Grand Total

49

10

8

0

15

16

40

N/A

N/A

N/A

N/A

N/A

41

19

14

6

0

2

40

2

0

1

20

17

41

8

23

1

6

3

43

14

16

2

Sex undetermined: 11

44

15

10

0

Sex undetermined: 19

298
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Table 4: Quantity of Propithecus diadema fecal samples per social group. Anka = Ankadivory,
the intact forest site. Maha = Mahatsinjo, the disturbed forest site.

Lemur
Group

Sample
Intact /
Quantity Disturbed

Anka 1
Maha 2
Maha 4
Maha 5
Maha 7
Total:

24
11
6
5
4
43

Intact
Disturbed
Disturbed
Disturbed
Disturbed

Table 5: Quantity of Hapalemur griseus fecal samples per social group. Anka = Ankadivory,
the intact forest site. Maha = Mahatsinjo, the disturbed forest site.

Lemur
Group

Sample
Intact /
Quantity Disturbed

Anka TK
Maha 2
Maha 3
Total:

21
10
13
44

Intact
Disturbed
Disturbed

Acid-fast Stain and Snap Test Results
The human subject fecal samples were analyzed in the field utilizing the acid-fast
staining method and snap test method for the detection of Cryptosporidium and Giardia
infections, respectively. The field results revealed 6 out 49 (prevalence = 12%) human subjects
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positive for Cryptosporidium and 4 out of 49 (prevalence = 8%) positive for Giardia. The human
subjects that were positive for either parasite were informed of these results with the assistance
of the local research assistant for translation into Malagasy. Additionally, they were provided
with recommended actions for treatment and prevention of reinfection of Cryptosporidium and
Giardia infections, as documented in Appendix D. Results of Cryptosporidium and Giardia
coinfections are discussed in a later section.

Immunofluorescence Test Results
All preserved fecal samples were tested for the presence of Cryptosporidium and/or
Giardia utilizing the immunofluorescence assay test method. The results per species are
contained in Table 6. Cryptosporidium was detected in 42 (14%) out of 298 fecal samples. The
prevalence of Cryptosporidium was highest in rats (38%), followed by cattle and pigs (20%),
dogs (15%), and humans (10%). Cryptosporidium was not detected in any lemur samples.
Giardia was detected in 54 (18%) out of 298 fecal samples. The prevalence of Giardia was
highest in rats (53%), followed by pigs (40%), dogs (29%), and humans (10%). Giardia was not
detected in lemur or cattle samples. The human results using immunofluorescence differed
slightly from the field test results from the acid-fast stain and snap test methods. The
immunofluorescence test identified one fewer positive Cryptosporidium result than the acid-fast
stain test and one more positive Giardia result than the snap test.
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Table 6: Prevalence of Cryptosporidium and Giardia infections by species determined by
immunofluorescence
Cryptosporidium Results
Host
Human
(Homo sapiens)
Black Rat
(Rattus rattus)
Cattle/zebu
(Bos indicus)
Pig
(Sus scrofa)
Dog
(Canis familiaris)
Diademed Sifaka
(Propithecus diadema)
Eastern Bamboo
Lemur
(Hapalemur griseus)

Giardia Results

Prevalence

95%
Confidence
Interval

Positive/
Total

Prevalence

95%
Confidence
Interval

5 / 49

0.10

0.04 - 0.23

5 / 49

0.10

0.04 - 0.23

15 / 40

0.38

0.23 - 0.54

21 / 40

0.53

0.36 - 0.68

8 / 41

0.20

0.09 - 0.35

0 / 41

0.00

0.00 - 0.11

8 / 40

0.20

0.10 - 0.36

16 / 40

0.40

0.25 - 0.57

6 / 41

0.15

0.06 - 0.30

12 / 41

0.29

0.17 - 0.46

0 / 43

0.00

0.00 - 0.10

0 / 43

0.00

0.00 - 0.10

0 / 44

0.00

0.00 - 0.10

0 / 44

0.00

0.00 - 0.10

Positive /
Total

Human Survey Results
Data from survey responses (100% of people responded) were used to identify possible
risk factors for human Cryptosporidium and Giardia infections related to: age, number of people
per household, number of domestic mammals per household, reporting of gastrointestinal
symptoms, forest entry, and contact with domestic mammals, rats and lemurs (Table 7, Table 8,
Figure 2 and Figure 3). None of these factors were found to be statistically associated with
infection of Cryptosporidium or Giardia. It is worth noting that there was a strong trend for
young subjects to be more likely to be infected with either parasite than adults, as all infected
subjects were ≤13 years of age. Reported gastrointestinal symptoms along with samples I
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observed to be diarrheic were not indicators for infection in humans. I identified 5 of 49 human
fecal samples to be diarrheic; of these 5 individuals, 1 was positive for Cryptosporidium and the
other 4 were negative for both parasites.

Table 7: Effects of categorical risk factors for Cryptosporidium or Giardia infections in humans
using Odds Ratio test for binary categories
Cryptosporidium
Variable
Age (˃17 years vs. ≤17 years)
Sex (male vs. female)
Contact with domestic mammal (yes vs. no)
Contact with rats (yes vs. no)
Contact with lemur (yes vs.no)
Entering forest (yes vs. no)
Lived in household with another positive
person (yes vs. no)
Lived in household with ≥1 positive
domestic mammal (yes vs. no)
Experienced gastrointestinal symptoms
(yes vs. no)

Giardia

95%
95%
Odds
Confidence Odds
Confidence
Ratio
P
Ratio
P
Interval
Interval
0
0.14 0.00 – 1.80
0
0.14
0.00 – 1.80
1.63
0.67 0.17 - 21.26 0.67
1.00
0.05 - 6.48
N/A – All subjects had contact with domestic mammals
N/A – All subjects had contact with rats
0
1.00 0.00 – 50.73 0
1.00
0.00 – 50.73
0.67
1.00 0.05 – 6.48
0.23
0.35
0.00 – 2.62
N/A – No infected subjects lived in a household with another
infected person
2.83

0.34

0.29 – 37.40

1.16

1.00

0.09 – 11.31

0

1.00

0.00 – 11.34

2.44

0.43

0.04 – 35.26

Table 8: Effects of continuous risk factors on Cryptosporidium or Giardia infections in humans
using logistic regression (positive Z represents a positive relationship between the variable and
likelihood of infection).
Cryptosporidium
Variable
Age
Household size
Number of domestic mammals in household
Number of cattle in household
Number of pigs in household
Number of dogs in household
Frequency of lemur contact
Frequency of entering forest

Z
-1.23
-1.07
-1.50
-1.11
1.04
-0.01
-0.01
-0.52

P
0.22
0.28
0.14
0.27
0.30
1.00
0.99
0.60

Giardia
Z
-1.35
0.12
-0.37
-0.79
0.40
0.05
-0.01
-1.39

P
0.18
0.90
0.71
0.43
0.69
0.96
0.99
0.17
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Figure 2: Covariance between continuous risk factors and Cryptosporidium infection (0=uninfected,
1=infected) in humans, showing logistic regression in blue. a) Age; b) Household size; c) Number of
domestic animals in household; d) Number of cattle; e) Number of pigs; f) Number of dogs; g)
Frequency of lemur contact; h) Frequency of forest entry.

(Continued on following page)
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Figure 2: (continued)
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Figure 3: Covariance between continuous risk factors and Giardia infection (0=uninfected,
1=infected) in humans, showing logistic regression in blue. a) Age; b) Household size; c) Number of
domestic animals in household; d) Number of cattle; e) Number of pigs; f) Number of dogs; g)
Frequency of lemur contact; h) Frequency of forest entry.

(Continued on following page)
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Figure 3: (continued)
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Domestic Mammal Infections
Data from survey responses (100% of people responded) were used to identify possible
continuous risk factors for the domestic mammals within human households for
Cryptosporidium and Giardia infections related to: age (Figure 4 and Figure 5) and total number
of domestic mammals within each household (Figure 6). None of these factors were found to be
statistically associated with infection of Cryptosporidium or Giardia. Fecal sample consistency
was not an indicator for infection in domestic mammals; fecal consistency was normal for all
animals sampled and thus not statistically different in infected versus uninfected individuals.

Coinfections
Overall, coinfections (infection with both Cryptosporidium and Giardia) were detected in
30 (10%) out of 298 fecal samples; these 30 including humans, rats, pigs and dogs (Table 9 and
Table 10). The prevalence of coinfection was highest in rats (33%), followed by pigs (20%),
dogs (15%), and humans (6%). Coinfection was observed at higher frequency than would be
expected by chance alone, if the likelihood of infection by one pathogen was independent of the
infection state of the other: humans (Odds ratio = 26.31; 95% confidence interval: 1.97-514.94;
Fisher’s exact P = 0.005), pigs (Odds ratio = ∞; 95% confidence interval: 3.84-∞; Fisher’s exact
P = 0.0002), dogs (Odds ratio = ∞; 95% confidence interval: 4.10-∞; Fisher’s exact P = 0.0002),
and rats (Odds ratio = 12.81; 95% confidence interval: 2.15-143.87; Fisher’s exact P = 0.001).
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Figure 4: Covariance between domestic mammal’s age and Cryptosporidium infection
(0=uninfected, 1=infected), showing logistic regression in blue. a) Cattle; b) Pigs; c) Dogs.

41

Figure 5: Covariance between domestic mammal’s age and Giardia infection (0=uninfected,
1=infected), showing logistic regression in blue. a) Pigs; b) Dogs.
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Figure 6: Covariance between the number of domestic mammals in the household and the
likelihood of an individual mammal’s infection state (0=uninfected, 1=infected), showing logistic
regression in blue. a) Cryptosporidium; b) Giardia; c) Cryptosporidium and/or Giardia.
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Table 9: Coinfections of Cryptosporidium and Giardia. a) Humans; b) Pigs; c) Dogs; d) Rats.

Giardia

a) Humans
Negative
Positive
Grand Total

Negative
42
2
44

Cryptosporidium
Positive
Grand Total
2
44
5
3
5
49

Negative
24
8
32

Cryptosporidium
Positive
Grand Total
0
24
16
8
8
40

Negative
29
6
35

Cryptosporidium
Positive
Grand Total
0
29
12
6
6
41

Negative
17
8
25

Cryptosporidium
Positive
Grand Total
2
19
21
13
15
40

Giardia

b) Pigs
Negative
Positive
Grand Total

Giardia

c) Dogs
Negative
Positive
Grand Total

Giardia

d) Rats
Negative
Positive
Grand Total

Table 10: Coinfections of Cryptosporidium and Giardia for humans, pigs, dogs and rats.

Host
Human (Homo sapiens)
Pig (Sus scrofa)
Dog (Canis familiaris)
Black Rat (Rattus rattus)

Coinfected /
Total
3 / 49
8 / 40
6 / 41
13 / 40

Odds
Prevalence Ratio
0.06
26.31
0.20
Inf. (∞)
0.15
Inf. (∞)
0.33
12.81

95%
Confidence
Interval
1.97 - 514.94
3.84 - Inf. (∞)
4.10 - Inf. (∞)
2.15 - 143.87

P
0.005
0.0002
0.0002
0.001
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CHAPTER 5
DISCUSSION

These data represent the first survey of Cryptosporidium and Giardia prevalence and the
first study to investigate potential cross-species parasite transmission in Tsinjoarivo,
Madagascar. These results suggest that Propithecus diadema and Hapalemur griseus may be
naïve to Cryptosporidium and Giardia, meaning that anthropogenic habitat change has the
potential to expose these native lemurs to infection with the protozoan parasites. Five hypotheses
were tested to assess the most probable prevalence and risk factors for Cryptosporidium and
Giardia infections within the test species (Table 11).

Table 11: List of hypotheses with associated predictions, and whether each was supported or not
supported by the study test results.
Hypotheses
Habitat Disturbance:
Degree of habitat
disturbance affects the
prevalence of
Cryptosporidium and
Giardia infections in wild
lemurs.

Prediction

Supported?
(Yes / No)
Cryptosporidium and Giardia prevalence will be higher
No
in lemurs residing in the fragmented forest habitat
(Mahatsinjo), and lower in lemurs residing in an intact
forest habitat (Ankadivory).

(Continued on following page)
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Table 11 (continued)
Hypotheses
Human Age:
Age affects the
prevalence of
Cryptosporidium and
Giardia infections in
humans at Tsinjoarivo.
Human Household Size:
The number of humans
and domestic mammals
per household affects the
prevalence of
Cryptosporidium and
Giardia infections in
humans at Tsinjoarivo.

Human Activity
Patterns:
Human activity patterns
affect the prevalence of
Cryptosporidium and
Giardia infections in
humans.
Animal Age:
Age affects the
prevalence of

Cryptosporidium and
Giardia infections in
lemurs and domestic
mammals (cattle, pigs,
and dogs) at Tsinjoarivo.
Invasive rats are excluded
from this hypothesis
because data on age
cannot be easily obtained.

Prediction
Children will have a greater prevalence of
Cryptosporidium and Giardia infections than adults.

Supported?
(Yes / No)
Yes;
approaches
significance

Elderly individuals will have a greater prevalence of
Cryptosporidium and Giardia infections than other
adults.

No

Households with a greater number of domestic
mammals (cattle, pigs, and/or dogs), will have a greater
prevalence of Cryptosporidium and Giardia infections.

No

Households with a greater number of occupants will
have a greater prevalence of Cryptosporidium and
Giardia infections.

No

The likelihood of Cryptosporidium or Giardia infection
is greater for people who live with another infected
person.
The likelihood of Cryptosporidium or Giardia infection
is greater for people who live with an infected domestic
mammal.

No

Individuals with more frequent direct contact with
domestic mammals (cattle, pigs and/or dogs), with
invasive rats, or with lemurs, will have a higher
prevalence of Cryptosporidium and Giardia infections.

No

Individuals that enter the forest more frequently will
have a higher prevalence Cryptosporidium and Giardia
infections.

No

Immature animals will have a higher prevalence of
Cryptosporidium and Giardia infections than primeaged adult animals.

No

Older animals will have a higher prevalence of
Cryptosporidium and Giardia infections than primeaged adult animals.

No

No

(Continued on following page)
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Table 11 (continued)
Hypotheses
Animal Group Size:
The number of animals
within a social group or
household affects the
prevalence of
Cryptosporidium and
Giardia infections in
lemurs and domestic
mammals (cattle, pigs,
and dogs). Invasive rats
are excluded from this
hypothesis because data
on group size cannot be
easily obtained
Coinfections:
Coinfections of
Cryptosporidium and
Giardia will be higherthan-expected in the
infected species.

Prediction
Animals living in larger groups will have a higher
prevalence of Cryptosporidium and Giardia
infections. This prediction will focus on examining
animals living within the same social group (for wild
lemurs), and the same household (for domestic cattle,
pigs, and dogs).

Species infected with one parasite will have a higherthan-expected likelihood of coinfection with the other
parasite.

Supported?
(Yes / No)
No

Yes

Acid-fast stain and snap test methods versus immunofluorescence test method
The human subject fecal samples were analyzed in the field utilizing the acid-fast
staining method and snap test method for the detection of Cryptosporidium and Giardia
infections, respectively. The field results revealed 6 human subjects positive for
Cryptosporidium and 4 positive for Giardia. The human subjects that were positive for either
parasite, were informed of these results with the assistance of the local research assistant for
translation into Malagasy. Additionally, they were provided with recommended actions for
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treatment and prevention of reinfection, as documented on Appendix D. The human samples
underwent immunofluorescence assay testing as well, along with the animal samples that were
transported to the United States for analysis. The human immunofluorescence test results
revealed 5 subjects positive for Cryptosporidium and 5 positive for Giardia. Of the 6 individuals
positive for Cryptosporidium from the acid-fast stain tests, 5 of the same individuals were
positive via immunofluorescence testing, and the sixth individual had a negative result for
Cryptosporidium via immunofluorescence testing. The 4 individuals positive for Giardia via the
IDEXX snap tests were also found to be positive via immunofluorescence testing. However, the
immunofluorescence test identified one additional Giardia infection that had a negative test
result via the snap test method. The immunofluorescence technique has been demonstrated to
have a higher sensitivity than traditional staining procedures with no noted instances of false
positives; at least ten times more sensitive than the most common staining method (Garcia et al.,
1987). This study provides corroborating evidence that immunofluorescence and other methods
do not always provide identical outcomes. The results from the immunofluorescence tests were
used for the analysis of this study because the literature indicates this to be the better test method.

Cryptosporidium and Giardia in Native Lemurs
The prediction that Cryptosporidium and Giardia prevalence would be higher in lemurs
residing in the fragmented forest (Mahatsinjo) and lower in lemurs residing in the intact forest
(Ankadivory) was not supported by this study. The good news is that none of the lemur fecal
samples were positive for either parasite. However, continued and/or increasing anthropogenic
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habitat disturbance may cause transmission of human, and domestic and commensal mammal
pathogenic parasites to lemurs. In addition to the habituated lemur groups that were sampled,
unhabituated groups of Propithecus diadema and Hapalemur griseus also reside within the study
sites but were not included in this study. Eulemur fulvus groups were present in the study sites
(Semel, 2015), but were too difficult to locate for the purpose of sampling. Four nocturnal lemur
genera reside in Tsinjoarivo as well (Avahi, Microcebus, Lepilemur, and Cheirogaleus; Blanco et
al., 2009) but time and resource constraints precluded the sampling of these species as well.
Primates inhabiting small forest fragments and humanized forest edges are more likely to
come into contact with human and livestock populations, and experience reduced food
availability, increased stress and suppressed immune system, which may contribute to a higher
prevalence of generalist pathogens than would be found in populations inhabiting continuous
primary forest (Greger, 2007; Hodder and Chapman, 2012; Lafferty and Gerber, 2002;
McCallum and Dobson, 2002; Schwitzer et al., 2010). Furthermore, the close phylogenetic
relationship between humans and nonhuman primates results in high potential for pathogen
exchange (Ott-Joslin, 1993; Wolfe et al., 1998; Gillespie, 2006). Therefore, baseline data on
patterns of parasitic infections in wild primate populations are critical for establishing an index
of population health and to begin to assess and manage disease risks (Gillespie, 2006). Red-tailed
guenons in Uganda were found to have an increased prevalence and richness of gastrointestinal
helminth and protozoan infections in logged forest compared to undisturbed forest (Gillespie et
al., 2005). Salzer et al. (2007) demonstrated that red colobus in forest fragments, but not in
undisturbed forest locations, were infected with Cryptosporidium and Giardia. Reduced habitat
area following forest fragmentation may result in restricted ranging and crowding (Lafferty and
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Holt, 2003; McCallum and Dobson, 2002). This can result in increasing habitat overlap among
conspecifics which will predispose individuals to a higher probability of pathogen contact
(Gillespie and Chapman, 2008). Direct contact between species is not necessary for interspeciﬁc
disease transmission, and most transmission of Cryptosporidium and Giardia between humans,
primates and domestic animals is probably indirect and via common environmental sources
(Goldberg et al. 2008). Environmental pollution with human and domestic-animal fecal material
is recognized as a potential pathogen pathway for wildlife infections with parasites such
Cryptosporidium and Giardia, which can put wildlife populations at risk (Appelbee et al., 2005).
In disturbed forest areas, primates often come to the ground to cross open spaces which exposes
them to human or domestic animal feces that can lead to parasite infection (Goldberg et al.,
2008).
During this study, Propithecus diadema and Hapalemur griseus were observed by the
researcher coming to the ground on numerous occasions. Domestic animals from this study were
also observed to roam and defecate near forest edges. Propithecus diadema comes to the ground
within the forest, sometimes for geophagy (about every second day), and sometimes for play or
unknown reasons (Irwin, 2008b). At forest edges, P. diadema has observed to sit, stand and walk
on the ground (Figures 7 and 8) during feeding for two main foods: bracken fern (Pteridium sp.)
and Rafy (Maesa lanceolata). P. diadema often sit on the ground to get Pteridium, since it is
only 1-2.5 meters high, or to eat Maesa leaves from saplings (Irwin, 2008b). Hapalemur griseus
comes to the ground or close to the ground to defecate (Irwin et al., 2004), and also to feed
(Fitzpatrick, 2014).
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Many of the commonly studied parasites of primates are transmitted orally, typically
either when the primate ingests contaminated water and/or plant foods (Nunn and Altizer, 2006).
Additionally, as many as 71 species of non-human primates are known to consume soil
(geophagy; Rowe and Myers, 2015). This suggests that primates with increased terrestrial
behavior could be more susceptible to parasite infections. Some primate taxa are mainly
terrestrial, such as the mandrill Mandrillus sphinx and the drill Mandrillus leucophaeus, which
inhabit the ground and lower-levels of primary rainforest between the Niger and Congo rivers, or
the gelada baboon Theropithecus gelada, which is restricted to the montane grasslands of
Ethiopia (Stammbach, 1987). These and other ground-dwelling primates could be particularly
vulnerable to cross-species parasite infections where habitat overlap exists amongst non-human
primates, humans and domestic animals. A possible advantage for the lemurs of Tsinjoarivo is
that the forest sites exist on ridge tops where rain and water-ways most likely wash fecal material
away from the forest edges rather than into the forests. If human and domestic/commensal
animal encroachment into lemur habitat continues or increases, the lemurs of Tsinjoarivo may be
at risk of cross-species infection with Cryptosporidium, Giardia, or other pathogens.
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Figure 7. Propithecus diadema sitting on ground along a trail within the forest at Vatateza site.
Photo credit: Mitchell Irwin.
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Figure 8: Propithecus diadema at Mahatsinjo site, sitting on ground at a forest edge location
where cattle and pigs pass through. Photo credit: Natalie Melaschenko.
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Cryptosporidium and Giardia in Humans
It was predicted that children and elderly human subjects would have a greater
prevalence of Cryptosporidium and Giardia infections. The results of this study revealed that all
occurrences of cryptosporidiosis (5) and giardiasis (5) were in children ranging in age from 2.5
years to 13 years. This is consistent with previous studies that identified cryptosporidiosis and
giardiasis cases in Malagasy children (Randremanana et al., 2012; Areeshi et al., 2008). No adult
or elderly subjects were infected with either parasite. While the results were not statistically
significant, there was an obvious trend in children being infected versus adults or elderly
individuals, and it seems likely that expanded sampling might have yielded a significant result.
It was predicted that prevalence of Cryptosporidium and Giardia infections would be
higher in human households with a greater number of domestic mammals (cattle, pigs, and/or
dogs). The total number of domestic mammals in households where either parasite was present
ranged from 1 to 6 animals. The number of domestic mammals across all human households was
also 1 to 6 animals, and this prediction was not supported. While the results were not statistically
significant, they did show a trend of higher infection in households with fewer domestic
mammals, which is opposite to the expectation of more resident animals causing a greater
infection risk. This pattern could be possibly result from a confounding factor: lower socioeconomic status could correlate with both fewer domestic animals, and higher likelihood of
infection due to poorer hygiene, sanitation and overall health status.
It was predicted that households with a greater number of human occupants would have a
greater prevalence of Cryptosporidium and Giardia infections. Across all of the households that
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were sampled, the total number of inhabitants ranged from 2 to 11 people. The number of
inhabitants within households where either Cryptosporidium or Giardia was present ranged from
5 to 11 people. Therefore, these results do not support the prediction that larger human
household size increases prevalence of Cryptosporidium and Giardia infections. It was also
predicted that living in a household with another infected person or living with an infected
domestic animal would increase the likelihood of infection. Neither of these predictions were
supported.

Human Activity Patterns
It was predicted that prevalence of Cryptosporidium and Giardia infections would be
higher in humans with more direct contact with domestic animals, rats and lemurs. This study
found no correlation between direct animal contact and infection prevalence. However, it is
important to highlight that 100% of human survey responses indicated direct contact with
domestic mammals and rats within the previous 30 days. Given that this study found the
prevalence of Cryptosporidium and Giardia infections to be higher in domestic mammals and
rats than in humans, and given the literature documenting transmission between humans,
livestock, dogs (Fayer et al., 2000; Stantic-Pavlinic et al., 2003; Goh et al., 2004; Thompson,
2004; Traub et al., 2004; Inpankaew et al., 2007), there is undoubtedly potential for infection risk
to humans from direct contact with these animals.
Additionally, it was predicted that humans who entered the forest more frequently would
have a higher prevalence of Cryptosporidium and Giardia infection. It was speculated that
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humans may become infected through exposure to pathogens residing within the forest. The
results did not support this prediction. While not statistically significant, there was a slight trend
in higher prevalence of Cryptosporidium and Giardia for individuals who infrequently or never
entered the forest. This finding could be attributed to the young age of the infected individuals
who might be less likely than adults to enter the forest. Alternatively, individuals who do not
work in or travel through the forest may be spending more time at home thus increasing the
amount of time and exposure to domestic and commensal mammals.

Cryptosporidium and Giardia in Domestic Mammals
As with humans, age was predicted to have an impact on prevalence of Cryptosporidium
and Giardia infections. There was no statistically significant result that being an immature
animal or an older animal increased an individual’s likelihood of infection; therefore, these
predictions were not supported. Additionally, it was predicted that animals living in larger
“social groups” (households) would have a higher prevalence of Cryptosporidium and Giardia
infection. While not statistically significant, there was a slight trend of greater infection
prevalence in households with fewer domestic mammals. This trend matched the human results
where more human infections were present in households with fewer domestic mammals. The
economic means of human subjects could play a significant role in transmission and proliferation
of parasite infections. The extent to which people have access to vaccines and medicine for the
prevention and treatment of disease for themselves and their domestic animals may explain some
of the variation in whether households were infected with Cryptosporidium and/or Giardia.
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Coinfections of Cryptosporidium and Giardia
Because both parasites are known to infect humans, domestic and wild animals, and have
the same routes of transmission, it was predicted that individuals infected with one parasite
would have a high likelihood of also being infected with the other. This prediction was
supported. The overall prevalence of coinfection was 10% (30 out of 298 samples). Coinfections
were identified in rats (33%), pigs (20%), dogs (15%), and humans (6%). These coinfection
results were statistically significant. Coinfection was observed at higher frequency than would be
expected by chance alone, if the likelihood of infection by one pathogen was independent of the
infection state of the other.
Cryptosporidiosis and giardiasis infections are typically self-limiting in immunocompetent individuals where an individual’s immune system will resolve these infections over
time. However, these infections can be more severe in young children, elderly and
immunocompromised individuals; causing a high probability of mortality particularly in people
with Acquired Immune Deficiency Syndrome (Fayer and Unger, 1986; Hunter and Thompson,
2005; Janoff and Reller, 1987; Rose, 1997; Smith and Ahmad, 1997; Yoder and Beach, 2010).
Individual hosts, including humans and animals, are frequently co-infected with multiple
pathogens either concurrently or in sequence (Petney and Andrews, 1998). These multispecies
co-infections may result in pathogen-pathogen interactions which may influence the
epidemiology of co-infecting parasites (Pederson and Fenton, 2007; Telfer et al., 2010; Ezenwa
and Jolles, 2011) or the consequent effects of infection on host health and performance (Mwangi
et al., 2006; Brooker et al., 2007; Craig et al., 2008). Although co-infections are common in the
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field and important epidemiologically, most epidemiology studies have focused on singlepathogen infections, and fewer have considered co-infections while assessing the burden of
infectious diseases (Thumbi et al., 2014). East Coast Fever (ECF), caused by protozoan parasite
Theileria parva, is a leading cause of calf mortality of zebu in Kenya; however, ECF deaths were
6 times more likely when calves were coinfected with another protozoan, Trypanosoma species
(Thumbi et al., 2014).
The detection of coinfections from this study raises the possibility that infection of
Giardia may play a role in increasing susceptibility and reducing the effectivity of host immune
response to fight Cryptosporidium infection; or vice versa. If such a correlation were at play
between Cryptosporidium and Giardia, individuals infected with one parasite might have an
increased probability of becoming infected with the other. Another possibility is that coinfected
individuals may have a weaker immune response than individuals infected with only one
parasite, decreasing their ability to resolve either infection. Coinfected individuals, particularly
those with already compromised systems, may then become more vulnerable to other pathogen
infections which could negatively impact that individual’s health and survival. Conversely, there
may be no relationship between Cryptosporidium and Giardia and these coinfection results may
be a result of poor hygiene and sanitation practices, which leave subjects more susceptible to
infection by both parasites.
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Cryptosporidium and Giardia in Invasive Rats
It is worth noting that amongst all of the test species in this study, invasive rats had the
highest prevalence of Cryptosporidium (38%) and Giardia (53%). They were also found to have
the highest amount of coinfections (33%) as compared to the other species. From the human
survey results, all people reported having direct contact with rats within the last 30 days.
Anecdotally, people reported the invasive rats to be a regular nuisance by crawling on them and
biting them at night while trying to sleep. This direct contact with invasive rats puts people at
risk for infection of not only Cryptosporidium and Giardia, but also any other pathogens for
which they may be reservoirs. Additionally, invasive rats may pose a risk for pathogen infection
to domestic mammals, lemurs and other native wildlife in Tsinjoarivo. The invasive rats are not
only found in the villages around the forest, but also throughout the interior of the forest; they
can be seen in the large fragments and in the continuous forest sites (Irwin, pers. comm.). While
the domestic mammals are terrestrial, invasive rats are able to climb trees. While we need to
know more about their mobility patterns, invasive rats are perhaps the biggest threat in terms of
transmitting disease to wild lemurs.

Future Study Directions and Recommendations
Use of molecular analysis to identify the genotypes of Cryptosporidium and Giardia in
future studies would provide further information to understand the species of each parasites and
the potential directionality of parasite transmission dynamics amongst and across host species.
Identifying the genotype of Cryptosporidium and Giardia makes it possible to determine whether
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wildlife is functioning as a reservoir for species that infect humans and domestic animals, or if
wildlife is being infected as a result of anthropogenic activities such as sewage disposal and
farming (Appelbee et al., 2005). The presence of Cryptosporidium parvum Genotype 2 infections
in wild mountain gorillas (Gorilla beringei beringei), humans and cattle in and around Bwindi
Impenetrable National Park, Uganda, were demonstrated through use of polymerase chain
reaction (PCR) test method, suggesting gorillas were infected as a result of increased contact
with humans and/or domestic livestock (Nizeyi et al., 2002b). Phylogenetic analysis performed
by Salyer et al. (2012) revealed black-and-white colobus, red colobus, humans, and livestock
from outside Kibale National Park were all infected with Cryptosporidium that clustered within a
clade containing known variants of Cryptosporidium parvum and Cryptosporidium hominis,
suggesting cross-species transmission may be common in the region. Additional molecular
characterization, using a technique such as PCR, of the positive individuals from this study could
help elucidate the transmission dynamics of Cryptosporidium and Giardia for the human and
animal inhabitants of Tsinjoarivo. This level of analysis could allow for an understanding of
whether these infected humans and animals were infected via inter- or intra-specific transmission
routes. Further testing could also reveal yet undiscovered genotypes of Cryptosporidium and
Giardia that have evolved distinctly within wildlife in Madagascar.
Invasive rats have been implicated as vectors for the spread of disease in Madagascar
(Vogler et al., 2013; Reynes et al., 2014). Black rats are the principal host for the bacterium that
causes the plague (Yersinia pestis) (Vogler et al., 2013), have been found to carry Hantavirus
(Reynes et al., 2014), and were determined to be infected with Cryptosporidium and Giardia
through this study. Human, wildlife and domestic animal health could benefit from further
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investigation into the full range of pathogens for which invasive rats are a host and potential
vector for cross-species transmission. Quantifying the population density and range of invasive
rats would allow for better understanding of the extent to which invasive rats are presence in the
environment. Also, identifying and implementing ways on controlling the invasive rat population
in Tsinjoarivo could provide significant economic, health and wildlife conservation benefits.
Further studies could explore the hygiene, sanitation, and water purification/sanitation
practices currently employed by the human inhabitants of Tsinjoarivo. This information could
provide insight into the transmission dynamics of Cryptosporidium, Giardia or other pathogens
within and amongst species. Where necessary, recommendations can be identified and provided
to local residents for improved hygiene (e.g. washing hands with soap and water), sanitation, and
water purification/sterilization (e.g., boiling water before drinking). Educating the public on the
possible routes of pathogen transmission would spread a broader understanding of how daily
behaviors can contribute to disease transmission amongst humans and other animal species.
Exploring the socioeconomic status of human subjects could highlight the extent to which people
have access to vaccines and medicine for the prevention and treatment of disease for themselves
and their domestic animals.
Sampling and time constraints both in the field and the laboratory resulted in relatively
small sample sizes and an inability to test for the effects of seasonality on infections. Increased
sampling sizes could increase the statistical power of the analytical tests, even when infection
prevalences are small (10% or less). Future work also should have a statistical approach in which
individuals are nested within household to avoid pseudoreplication.
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CHAPTER 6
CONCLUSION

Cryptosporidium and Giardia are reported to ubiquitous enteric protozoan pathogens that
infect humans, domestic animals, and wildlife worldwide (Savioli et al., 2006). This study
presents the first cross-species examination of Cryptosporidium and Giardia infections amongst
lemurs (Propithecus diadema and Hapalemur griseus), humans, domestic mammals (cattle, pigs,
and dogs), and invasive rats in Tsinjoarivo, Madagascar. Cryptosporidium infections were
present in humans, cattle, pigs, dogs and invasive rats. Giardia infections were present in
humans, pigs, dogs, invasive rats, but not in cattle. While no lemurs were found to be infected
with either parasite, studies of other wild non-human primates living in disturbed habitats are
thought to be at greater risk for infection of Cryptosporidium and Giardia than are primates
living in undisturbed habitats (Salzer et al., 2007). As human populations grow, and
encroachment into forest areas increases, the potential for human, domestic/commensal animal
and wildlife interactions increases as well. These interactions may put the lemurs of Tsinjoarivo
at greater risk of Cryptosporidium and/or Giardia infection. The higher prevalence of infection
in domestic mammals and invasive rats, as well as the direct contact humans have with these
animals, may pose a risk for zoonotic transmission to humans, but these suggestions require
further testing. Coinfections occurred at a higher frequency than would be expected by chance
alone, and further investigation into the health impacts of coinfections is needed.
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Recruitment: Information Script

Introduction
I am ____________________, I am working with Laurie Spencer, a graduate student, at
Northern Illinois University. I am helping to conduct research on intestinal parasites in this area,
specifically Cryptosporidium and Giardia. I would like to give you some information on this
research, and invite you to participate in the study. Before you decide to participate, you can talk
to anyone you feel comfortable with about the research. Please also ask me to stop as we go
through the information if there are words or content that you do not understand. If you have
questions later, you can ask me or another researcher.
Purpose of the research
Cryptosporidium and Giardia are common intestinal parasites that can cause illness and can be
potentially transmitted between humans and animals. This study will test for the presence of
Cryptosporidium and Giardia in the humans, lemurs, domestic mammals (specifically cattle,
pigs and dogs), and rats that inhabit Tsinjoarivo, Madagascar. Fecal samples will be collected
from each of these species and will be tested. This study will allow for a better understanding of
the Cryptosporidium and Giardia infections in Tsinjoarivo, Madagascar, and of the potential for
parasite transmission amongst humans, lemurs, domestic mammals, and rats, especially as
habitat overlap increases.
Type of Research Intervention
If you agree to participate, this research will involve getting samples of your stool or your child’s
stool. The amount of time required should be less than 10 minutes.
Participant Selection
You are being invited to participate in this research because we would like to sample adults and
children of your village, since you live adjacent to a forest where illnesses may be transmitted
between people, domestic mammals, rats and lemurs, and because incidence of Cryptosporidium
and Giardia infections have been found around Ranomafana National Park not far from this area.
Voluntary Participation
Your participation in this research is entirely voluntary. You can choose to participate, or you
can choose not to participate. There are no consequences if you choose not to participate. If you
choose to participate and then change your mind, you can withdraw from the study at any time.
Procedures
We are asking you to help us learn more about Cryptosporidium and Giardia transmission in
your community. We are inviting you to participate in this research project. If you accept, you
will be asked for a sample of your stool, or your child’s stool. If I am the owner of domestic
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animals, cattle, pigs and/or dogs, I will be asked for permission for the researcher(s) to observe
my animals for fecal elimination and then collect a stool sample from the ground.

Stool Collection
We will give you a sterile tube and instruct you on the procedure for collecting a stool sample
properly. If we are asking for your child’s sample, you may assist your child in collecting the
sample. The tube with the sample can be returned to the primary researcher or research assistant
the following day once you have deposited the sample. These samples will be examined
microscopically for the presence of Cryptosporidium and Giardia. You will be given a sample
container with a unique sample identification number on it, disposable gloves, biohazard ziplock
bag to place the filled sample container, a disposable wooden tongue depressor, and a disposable
disinfectant wipe. You will need to collect a portion of fecal material during elimination by using
a disposable wooden tongue depressor while wearing the disposable gloves, and place the fecal
material in the sample container provided and close the container. Then the disposable gloves
can be removed, and hands can be sanitized with the disinfectant wipe. The gloves, tongue
depressor, and used sanitizing wipe can be placed in a second plastic bag which will be collected
by the researcher(s). The filled sample container will be held in the ziplock bag until the
researcher(s) collect the sample the next day.
Risks and Discomforts
There is a potential for infection by handling your own or your child’s stool sample. This risk
will be mitigated by following the collection procedure which includes wearing disposable
gloves and sanitizing hands after collection of the stool sample. There is no foreseeable
discomfort associated with giving a stool sample.
Benefits
Your participation in this study may help us determine which parasites are infecting your
community, which may help your community manage illness and its contact with domestic
animals and wildlife. Also, if you agree to participate and you or your child is found to have a
Cryptosporidium or Giardia infection, you will be notified of the test results. Also, all
participants will be provided multi-vitamins and soap to promote health and hygiene for the
prevention and/or recovery from an infection.
Confidentiality and Results Sharing
During this study, we will record your name, your age, your sex, where you live, and infection
status. Your name and where you live will only be used to contact you, in case you are found to
be infected with Cryptosporidium or Giardia. However, we may publish your age, sex, and
infection status in scientific literature, and talk about the results we find at scientific gatherings
so that people can learn from the research. We may also share your age, sex, and infection status
with other researchers or scientists interested in this topic. All files will be kept confidential, and
no one in your community will be informed about your participation in this study or its results.
Your individual identity will be kept confidential.
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Right to Refuse or Withdraw
You do not have to take part in this research and you may withdraw yourself and/or your child
whenever you choose. Choosing to participate or choosing not to participate will not affect any
foreseeable aspects of your life in any way.

Who to Contact
If you have any comments, questions or concerns, you can voice them now or later when your
sample is collected. Additionally, you may contact Laurie Spencer (graduate student) or Mitchell
Irwin (faculty advisor) at the field research site in Tsinjoarivo, Madagascar in person since no
telephone service will be available. If you have any questions or wish to withdraw from this
study after the research team has left Madagascar, you can contact Edmond Razanadrakoto in
person, who is the local coordinator for the Sadabe organization. Mr. Razanadrakoto can direct
your question or comment to the research team or to Research Compliance Office at Northern
Illinois University.
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For Adult Participants (18 Years of Age or Older)

I agree to participate in the research project titled Cryptosporidium and Giardia Infection
amongst Lemurs, Humans, Domestic Mammals and Invasive Rats in Tsinjoarivo, Madagascar
being conducted by Laurie Spencer, a graduate student, at Northern Illinois University.
I have been informed that the purpose of the study is to investigate Cryptosporidium and
Giardia, which are common intestinal parasites that can cause illness and can be potentially
transmitted between humans and animals. This study will test for the presence of
Cryptosporidium and Giardia in the humans, domestic mammals, rats and lemurs that inhabit
Tsinjoarivo, Madagascar. Fecal samples will be collected from each of these species and will be
tested. This study will allow for a better understanding of the Cryptosporidium and Giardia
infections in Tsinjoarivo, Madagascar, and of the potential for parasite transmission amongst
humans, lemurs, domestic mammals, and rats, especially as habitat overlap increases.
I understand that if I agree to participate in this study, I will be asked to do the following: Collect
samples of my stool, and provide to the researcher(s). The amount of time required should be
less than 10 minutes. If I am the owner of domestic mammals, cattle, pigs and/or dogs, I will be
asked to give permission for the researcher(s) to observe my animals for fecal elimination and
then collect their stool samples from the ground.
I am aware that my participation is voluntary and may be withdrawn at any time without penalty
or prejudice, and that if I have any additional questions concerning this study, I may contact
Laurie Spencer (graduate student) or Mitchell Irwin (faculty advisor) at the field research site in
Tsinjoarivo, Madagascar in person since no telephone service will be available. I am also aware
that if I have any questions or wish to withdraw from this study after the research team has left
Madagascar, I can contact Edmond Razanadrakoto in person, who is the local coordinator for the
Sadabe organization. Mr. Razanadrakoto can direct my question or comment to the research
team or to Research Compliance Office at Northern Illinois University.
I understand that the intended benefits of this study include helping to determine which parasites
are infecting my community, which may help my community to manage illness and its contact
with domestic mammals and wildlife. If I am found to have a Cryptosporidium or Giardia
infection, I will be notified of the test results. Also, all participants will be provided multivitamins and soap to promote health and hygiene for the prevention and/or recovery from an
infection.
I have been informed that potential risks and/or discomforts I could experience during this study
include the potential for infection by handling of my own stool sample. This risk will be
mitigated by following the collection procedure which includes wearing disposable gloves and
sanitizing hands after stool sample collection. There are no foreseeable discomforts associated
with giving a stool sample. I understand that all information gathered during this experiment will
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be kept confidential by the researcher(s) who will keep all forms, data sheets and sample
containers in their possession. All files will be kept confidential, and no one in my community
will be informed about my participation in this study or its results. My individual identity will be
kept confidential. During this study my name, age, sex, and where I live (village name),
household demographics, frequency of direct contact with animals and with entering the forest,
gastrointestinal symptoms, and infection status will be recorded. My name will only be used to
contact me, in case I am found to be infected with Cryptosporidium or Giardia. However, all
other recorded information may be published in scientific literature, and results may be talked
about at scientific gatherings so that people can learn from the research. This information may be
shared with other researchers or scientists interested in this topic. In the event I experience a
research-related medical emergency or an adverse reaction, please immediately contact Laurie
Spencer (graduate student) or Mitchell Irwin (faculty member) at the field research site in
Tsinjoarivo, Madagascar in person.
I realize that Northern Illinois University policy does not provide for compensation for, nor does
the University carry insurance to cover injury or illness incurred as a result of participation in
University sponsored research projects.
I understand that my consent to participate in this project does not constitute a waiver of any
legal rights or redress I might have as a result of my participation, and I acknowledge that I have
received a copy of this consent form.
Below, check all that apply:
I agree to participate in this study.
I give permission to the researcher(s) to include my animals (cattle, pigs and/or dogs) in this
study.

______________________________________________________________________________
Printed Name and Signature of Subject
Date

If Illiterate:
I have witnessed the accurate reading of the consent form to the potential participant, and the
individual has had the opportunity to ask questions. I confirm that the individual has given
consent freely.

______________________________________________________________________________
Printed Name and Signature of Witness
Date
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Permission Form for Parents/Guardians of Minors (Under 18 Years of Age)

Your child/ward is invited to participate in a research study titled Cryptosporidium and Giardia
Infection amongst Lemurs, Humans, Domestic Mammals and Invasive Rats in Tsinjoarivo,
Madagascar being conducted by Laurie Spencer, a graduate student at Northern Illinois
University.
The purpose of the study is to investigate Cryptosporidium and Giardia, which are common
intestinal parasites that can cause illness and can be potentially transmitted between humans and
animals. This study will test for the presence of Cryptosporidium and Giardia in the humans,
domestic mammals, rats and lemurs that inhabit Tsinjoarivo, Madagascar. Fecal samples will be
collected from each of these species and will be tested. This study will allow for a better
understanding of the Cryptosporidium and Giardia infections in Tsinjoarivo, Madagascar, and of
the potential for parasite transmission amongst humans, lemurs, domestic mammals, and rats,
especially as habitat overlap increases.
Your child's/ward's participation in this study will last approximately 10 minutes. He or she will
be asked to collect samples of his or her stool, with parental/guardian assistance if necessary, and
provide to the researcher(s).
The following are the foreseeable risks and/or discomforts your child/ward could potentially
experience during this study: There is the potential for infection by handling of my
child’s/ward’s stool sample. This risk will be mitigated by following the collection procedure
which includes wearing disposable gloves and sanitizing hands after stool sample collection.
There are no foreseeable discomforts associated with giving a stool sample.
The benefit(s) your child/ward may personally receive from participating in this study include
helping to determine which parasites are infecting his or her community, which may help the
community to manage illness and its contact with domestic animals and wildlife. If he or she is
found to have a Cryptosporidium or Giardia infection, I as parent/guardian will be notified of the
test results. Also, all participants will be provided multi-vitamins and soap to promote health and
hygiene for the prevention and/or recovery from an infection.
In the event of a research-related medical emergency or if your child/ward should experience an
adverse reaction, please immediately contact Laurie Spencer (graduate student) or Mitchell Irwin
(faculty member) at the field research site in Tsinjoarivo, Madagascar in person since no
telephone service will be available.
Although Northern Illinois policy does not provide for compensation for treatment of any
injuries that may result from participation in research activities, this should not be construed as a
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waiver of any legal rights or redress you or your child/ward might have as a result of
participation in this study.
Information obtained during this study may be published in scientific journals or presented at
scientific meetings, but that any information which could identify your child/ward will be kept
strictly confidential. All information gathered during this experiment will be kept confidential by
the researcher(s) keeping all forms, data sheets and sample containers in their possession. All
files will be kept confidential, and no one in your community will be informed about your
child’s/ward’s participation in this study or its results. Your child’s/ward’s individual identity
will be kept confidential. During this study your child’s/ward’s name, age, sex, and where he/she
lives (village name), household demographics, frequency of direct contact with animals and with
entering the forest, gastrointestinal symptoms, and infection status will be recorded. Your
child’s/ward’s name will only be used for contact purposes in case he/she is found to be infected
with Cryptosporidium or Giardia. However, all other recorded information may be published in
scientific literature, and results may be talked about at scientific gatherings so that people can
learn from the research. This information may be shared with other researchers or scientists
interested in this topic.
Participation in this study is voluntary. Your decision whether or not to allow your child/ward, as
well as his or her assent to participate will not negatively affect you or your child/ward. Your
child/ward will be asked to indicate individual assent to be involved immediately prior to
participation, and will be free to withdraw from participation at any time without penalty or
prejudice.
Any questions about the study should be addressed to Laurie Spencer (graduate student) or
Mitchell Irwin (faculty member) at the field research site in Tsinjoarivo, Madagascar in person
since no telephone service will be available. If you have any questions or wish to withdraw your
child/ward from this study after the research team has left Madagascar, you can contact Edmond
Razanadrakoto in person, who is the local coordinator for the Sadabe organization. Mr.
Razanadrakoto can direct your question or comment to the research team or to Research
Compliance Office at Northern Illinois University.

I agree to allow my child/ward to participate in this research study and acknowledge that I have
received a copy of this consent form.
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_________________________________________________________________________
Printed Name of Child

_________________________________________________________________________
Printed Name and Signature of Parent/Guardian

Date

If Illiterate:
I have witnessed the accurate reading of the consent form to the potential participant, and the
individual has had the opportunity to ask questions. I confirm that the individual has given
consent freely.
_________________________________________________________________________
Printed Name and Signature of Witness
Date
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Assent Script for Minors (5 through 17 Years of Age)

What is a research study?
Research studies help us learn new things. We can test new ideas. First, we ask a question.
Then we try to find the answer.
Important things to know…
• You get to decide if you want to take part in this study.
• You can say ‘No’ or you can say ‘Yes’.
• No one will be upset if you say ‘No’.
• If you say ‘Yes’, you can always say ‘No’ later.
• You can say ‘No’ at any time.
• You can ask any questions at any time to any of the researchers.
Why are we doing this research?
We are doing this study to learn more about things that can make people and animals sick. With
more information, we can try to find ways to help keep people and animals healthy.
What would happen if I join this research?
If you decide to be in the research, we would ask you to do the following:
• Stool sample: We would ask you to collect a sample of your stool, either by yourself or
with the help of your parent/guardian. Then you would give the sample to one of the
researchers of this study. This should take less than 10 minutes of your time.
• Talking: One of the researchers would ask you a few questions. Then you would say your
answers out loud.
Could bad things happen if I join this research?
Touching your stool may make you uncomfortable or the questions might be embarrassing to
answer. We will try to make sure that you feel comfortable during this study.
Do you want to be a part of this study?
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Confidentiality Statement for Research Assistants

I _____________________, as a research assistant working with Laurie Spencer, a graduate
student, at Northern Illinois University (NIU), agree to help conduct research on the intestinal
parasites Cryptosporidium and Giardia. I understand that part of this research involves obtaining
personal information about people in the local community, like their names, where they live, and
their Cryptosporidium and Giardia test results. I agree to not share or discuss any participant's
test results or personal identification information with any other people besides the primary
researcher Laurie Spencer, or Dr. Irwin (NIU faculty advisor).

Printed Name and Signature of Research Assistant

Date
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Materials: Questionnaire/Data to be collected

1. Sample Collection Number:
2. Participant’s full name:
3. If under age 18, name of parent/guardian:
4. Age:
5. Sex:
6. Village name:
7. Has the participant experienced any gastrointestinal symptoms (i.e. diarrhea) within the
last month (if yes, explain symptoms) : ________________________________
___________________________________________________________________
8. Number of people in household (total):
a. Number of adults:
b. Number of minors:
9. Number of domestic mammals in household (total):
a. Number of cattle:
b. Number of pigs:
c. Number of dogs:
10. Frequency of direct contact with domestic mammals (check appropriate box):
None
Once
2 to 4 times
Once per week
Every day
Don’t know
Other: _____________________________________________________

87

11. Frequency of entering the forest within the last month (check appropriate box):
None
Once
2 to 4 times
Once per week
Every day
Don’t know
Other: _____________________________________________________
12. Frequency of direct contact with rats within the last month (check appropriate box):
None
Once
2 to 4 times
Once per week
Every day
Don’t know
Other: _____________________________________________________
13. Frequency of direct contact with lemurs within the last month (check appropriate box):
None
Once
2 to 4 times
Once per week
Every day
Don’t know
Other: _____________________________________________________
14. Infection Status (positive or negative for Cryptosporidium or Giardia):
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Debriefing Information – Script for Human Participants with Positive (Infected) Test
Results for Cryptosporidium and Giardia

I am ____________________, I am working with Laurie Spencer, graduate student at Northern
Illinois University, to conduct research on the intestinal parasites Cryptosporidium and Giardia.
Testing of your (or your child’s) stool sample showed that you are positive (infected) for
Cryptosporidium or Giardia. I would like to give you some recommendations for actions to take.
1. Wash hands frequently, especially when in contact with fecal matter of any kind, when in
contact with animals or with soil.
2. Since Cryptosporidium and Giardia infections can cause diarrhea, drink lots of clean
water.
3. Always boil water before drinking.
4. Most healthy people do not need specific medical treatment for Cryptosporidium and
Giardia, but if symptoms are severe or persist for more than one week, seek medical
attention at a health clinic. No medications are known to be effective for treating
Cryptosporidium infections. Giardia infections can be treated with certain antibiotics by
a healthcare professional.

